A giNg has deleterious effects upon skeletal muscle mass. As a result, both men and women more than the age of 65 years have a loss of muscle function, which contributes to a reduction in their activities of daily living, increased risk of injury from falling, and extended rehabilitation time (1, 2) . Understanding the mechanisms contributing to muscle wasting is important in an aging society (≥65 years), which is projected to nearly double by the year 2030 (3). Resistance exercise (RE) training has been used extensively by our laboratory and others (4-11) to attenuate age-related muscle atrophy, resulting in muscle size and strength improvements. Recently, we reported that skeletal muscle from independent-living octogenarian men and women (12,13) has limited capacity to adapt to a 12-week progressive resistance training (PRT) program, which is a cohort that demonstrates accelerated losses in skeletal muscle strength (14, 15) . Moreover, women who were aged 80 years or older represent approximately 70% of the population in this age group (16).
A giNg has deleterious effects upon skeletal muscle mass. As a result, both men and women more than the age of 65 years have a loss of muscle function, which contributes to a reduction in their activities of daily living, increased risk of injury from falling, and extended rehabilitation time (1, 2) . Understanding the mechanisms contributing to muscle wasting is important in an aging society (≥65 years), which is projected to nearly double by the year 2030 (3) . Resistance exercise (RE) training has been used extensively by our laboratory and others (4) (5) (6) (7) (8) (9) (10) (11) to attenuate age-related muscle atrophy, resulting in muscle size and strength improvements. Recently, we reported that skeletal muscle from independent-living octogenarian men and women (12, 13) has limited capacity to adapt to a 12-week progressive resistance training (PRT) program, which is a cohort that demonstrates accelerated losses in skeletal muscle strength (14, 15) . Moreover, women who were aged 80 years or older represent approximately 70% of the population in this age group (16) .
There are many factors that underpin age-related skeletal muscle loss. One area that has received considerable interest, as it relates to skeletal muscle mass and proteolysis, is the forkhead box O (FOXO) proteins. FOXOs are transcription factors within the forkhead family, which have a conserved DNA-binding domain, the "forkhead box" (17) (18) (19) . Previous findings (20) (21) (22) show that FOXO3 (also known as FKHRL1) is associated with the ubiquitin-proteasome pathway and intracellular protein degradation by regulating the expression of the ubiquitin E3 ligase, atrogin-1, in models of muscle atrophy. FOXO proteins translocate in and out of the nucleus, depending on the prevailing stimulus, and when in the nucleus, FOXOs can bind to target DNA. However, addition of growth stimuli, such as insulin and insulinlike growth factor (igF), results in the phosphorylation and translocation of FOXO outside the nucleus (19, (23) (24) (25) . This movement to the cytoplasm inhibits FOXOs ability to upregulate the proteolytic-related gene targets, inactivating FOXOs effects. The predominant pathway augmented by insulin and igF is the Akt pathway (26) (27) (28) (29) (30) . Upon activation, Akt moves into the nucleus and directly phosphorylates FOXO3A on the N-terminus at Ser253, causing the translocation of FOXO from the nucleus to the cytoplasm (19, (31) (32) (33) .
Numerous human studies (34) (35) (36) (37) (38) (39) (40) , employing various models, training and nutritional states, and ages, have produced equivocal results as to the role of Akt signaling and exercise. However, few studies have examined FOXOs role in exercise models (37, 41, 42) , and far less is known about FOXOs involvement in age-related sarcopenia (38, 41, 43) . Understanding the mechanisms controlling skeletal muscle adaptation to high-intensity RE training would give insight to the age-related differences we have reported previously (6, 12, 13, (44) (45) (46) . Thus, these findings may provide possible targets for therapy and intervention during sarcopeniarelated circumstances.
Resistance Exercise, Skeletal Muscle FOXO3A, and 85-Year-Old Women
The objective of this investigation was to investigate the activation of the Akt-FOXO3A signaling pathway before and after a 12-week high-intensity PRT program in young (24 years) and very old (85 years) women. We recently published the single-muscle fiber and whole-muscle adaptations that occurred with the 12-week high-intensity PRT program in these young and old women (13) . The young women increased whole-muscle strength (+36%) and size (+5%) and increased single-muscle fiber size (+28%), strength (+31%), and power (+28%) that were targeted to the fast-twitch muscle fibers. Conversely, the old women had a modest gain in muscle strength (+26%), with no hypertrophy or improvements in single-muscle fiber size and contractile function. The changes observed in the old women were in close agreement with an age-matched male population (12) . We therefore hypothesized that 85-year-old women would have diminished resting and exercise-induced capacity to positively alter Akt signaling to FOXO3A and FOXO3A target genes, compared with young women, before and after high-intensity PRT.
Experimental Procedures

Participants
Six nonexercising, healthy young women (YW; 24 ± 2 years, 67 ± 6 kg) and six old women (OW; 85 ± 1 years, 67 ± 3 kg) were recruited from the local community for this investigation. The older women underwent a physical examination, which included medical history, blood and urine chemistries, resting and exercising electrocardiogram, and blood pressure before participating in any resistance training. Participants were excluded if they had any acute or chronic illness; cardiac, pulmonary, liver, or kidney abnormalities; uncontrolled hypertension; insulin-or noninsulin-dependent diabetes; abnormal blood or urine chemistries; arthritis; a history of neuromuscular problems; or if they smoked tobacco. Additionally, these free-living women were not consuming any chronic medication (prescribed or over the counter). All participants were given oral and written information about the experimental procedures and potential risks before giving written consent. All procedures conformed to the standards set forth by the Declaration of Helsinki, and these procedures were approved by the institutional Review Boards of Ball State University and Ball Memorial Hospital.
Experimental Design
After an initial familiarization period, the women completed 12 weeks of high-intensity PRT for the knee extensors, with three training sessions per week for a total of 36 sessions. Each training session consisted of three sets of 10 repetitions at 70%-75% of one-repetition maximum (1-RM). Whole-thigh muscle size and strength (1-RM) were assessed before and after the training period (13) . Skeletal muscle biopsies were obtained from the vastus lateralis before and immediately after an acute bout of RE and prior to (untrained) and following (trained) the PRT (see Figure 1 ).
PRT Program
Participants performed 12 weeks of a supervised PRT program designed to strengthen the quadriceps muscle group. Participants performed bilateral isotonic leg extensions on a seated device (Cybex Eagle, Medway, MA) 3 days per week on nonconsecutive days (36 total sessions). Participants performed three sets of 10 repetitions (3 × 10) at 70%-75% of their 1-RM with 2-minute rest between sets. The training was progressive in nature in that 1-RM was assessed every 2 weeks, and the weight was adjusted accordingly to maintain an intensity of 70%-75%. Each session was preceded by 10 minutes of warm-up (50-75 W) on a cycle ergometer (Monark 828E, Vansbro, Sweden). This entire protocol is identical to several previous investigations from our laboratory (6, 12, 13, 44, 46) . All women completed every training session (n = 36) for 100% compliance to the training program.
Muscle Biopsy
Muscle biopsies (47) were obtained from the vastus lateralis under fasted conditions. Each muscle sample was processed, frozen in liquid nitrogen or placed in 0.5 mL of RNAlater (Ambion, Austin, TX), and stored at −20°C until RNA extraction.
Cytoplasmic and Nuclear Fractionation
Adapted from Rothermel and colleagues (48) , the samples were homogenized in 10 volumes 40 mM NaF, 1.5 mM sodium vanadate, 0.3% CHAPS, 0.1 mM phenylmethanesulphonylfluoride, 1 mM benzamidine, and 1 mM dithiothreitol and protease and phosphatase inhibitor mixture [Pierce, Rockford, iL]). The resulting homogenate was clarified by a 1,000g centrifugation for 3 minutes (at 4°C). The supernatant contained the cytoplasmic fraction. The pellet was washed with CHAPS buffer three times, followed by a 1,000g centrifugation for 3 minutes (at 4°C), then resuspended in 50 mL of lysis buffer, and 8.3 mL of 5 M NaCl was added to lyse the nuclei. This mixture was rotated at 4°C for 1 hour and then centrifuged at 12,578g for 15 minutes at 4°C. The supernatant contained the soluble nuclear fraction. An equal volume of 2× sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAgE) loading buffer was added to each fraction for Western analysis.
Western Analysis
Equal protein, as determined by protein concentration determination against bovine serum albumin standards, from samples was resolved by SDS-PAgE (BioRad, Hercules, CA). The proteins were transferred to polyvinylidene fluoride membranes, then incubated with primary antibodies against phospho Akt Thr308 and Ser473 and phospho-FOXO3A Ser253, followed by incubation in the appropriate horseradish peroxidase-conjugated secondary antibody. Protein immunoblots were visualized via enhanced chemiluminescence and captured by a camera-integrated software system and then quantified (Alpha innotech imaging System, Santa Clara, CA). The blots were stripped and reprobed with antibodies that recognize total forms of proteins examined. Purity of isolated fractions was verified by Western analysis for Histone H3, as a nuclear indicator, and b-tubulin, as a cytosolic indicator. All antibodies were purchased from Cell Signaling Technology (Beverly, MA).
Total RNA Extraction and RNA Quality Check
All the methods for RNA extraction and real-time reverse transcription-polymerase chain reaction (RT-PCR) have been described in detail previously by our laboratory (41, 49) . Total RNA was extracted in TRi reagent (Molecular Research Center, Cincinnati, OH). The quality and integrity of extracted total RNA were evaluated using an RNA 6000 Nano LabChip kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
RT and Real-Time PCR
Oligo (dT)-primed first-strand complementary DNA was synthesized using SuperScript ii RT (invitrogen, Carlsbad, CA) optimized for sensitive RT-PCR on low amounts of RNA. Quantification of messenger RNA (mRNA) levels (in duplicate) was performed in a 72-well Rotor-gene 3000 Centrifugal Real-Time Cycler (Corbett Research, Mortlake, NSW, Australia). glyceraldehyde 3-phosphate dehydrogenase (gAPDH) was used as a housekeeping gene (HKg) for internal control after validation that gAPDH is not affected by age or exercise (50) . All primers used in this study were mRNA specific (on different exons and/or crossing over an intron) and designed for gene expression real-time PCR analysis using Vector NTi Advance 9 software (invitrogen). The primer sequences for atrogin-1, MuRF-1, FOXO3A, and myostatin have been reported previously by our laboratory (41, 50) . A melting curve analysis was generated at the end of each realtime PCR assay. A single melt peak was observed for each sample, validating that only one product was present.
Relative Quantification of Real-Time PCR Assay
The gene expression levels before and after 12 weeks of PRT were evaluated by a relative quantification method, as described by us previously (41, 49) . Each real-time PCR run contained samples (ran in duplicate) from both age groups (young and old) and both experimental conditions (pre-and post-PRT). in order to compare the relative gene expression between young and old women before and after 12 weeks of PRT, the 2 −DCT method was used (51,52). As described by us previously (41) 
Statistics
Protein content and activation state.-in order to examine differences between young and old women in the basal state, an independent t test was used before and after the 12-week PRT protocol. To determine if any changes occurred in basal-level protein content and activation state after a bout of RE in the untrained and trained states, a twoway analysis of variance (ANOVA; Time × Age) was used to detect differences between young and old women.
Gene expression.-For each gOi, the changes in basal-level relative mRNA expression over the 12-week period were compared between young and old women using a two-way ANOVA. in the presence of an interaction (Time × Age), paired Student's t tests were used as post hoc analysis. An independent t test was used to compare basal-level gene expression between young and old women after PRT. Values are means ± SE. Significance was set a priori at p < .05 for all analyses.
Results
in an effort to determine factors contributing to the blunted response of 85-year-old female muscle to PRT (13), we examined components and targets of the Akt-FOXO3A signaling pathway. There were no age-or PRT-related differences in resting (Pre) cytosolic Akt Ser308 phosphorylation levels. Prior to (untrained) and following (trained) the PRT, phosphorylation of cytosolic Akt on Thr308 was increased (p < .05) immediately following a bout of RE in young and old women (Figure 2A) . Phosphorylation of the Ser473 site on cytosolic Akt was not altered by age or exercise ( Figure 2B ). All phospho-Akt results were expressed relative to total Akt protein expression.
Next, we examined the activation status and the localization of the Akt substrate, FOXO3A. First, we verified that the fractions obtained from the sample preparation were cytosolic and nuclear by analyzing b-tubulin and Histone H3 protein expression from both fractions. b-Tubulin and Histone H3 are well-established markers of the cytosol and nucleus, respectively. Figure 3A shows that our extracts are enriched for cytosolic and nuclear fractions, as determined by Western blot analysis of b-tubulin and Histone H3. We observed that untrained preexercise levels of cytosolic FOXO3A phosphorylation on Ser253 were lower (p < .05) in the older women ( Figure 3B ) compared with the young women. However, both untrained young and old women displayed a similar Ser253 dephosphorylation of cytosolic FOXO3A (p < .05) after the exercise bout ( Figure 3B ). There was a main time effect (although driven by YW) in the activation of nuclear FOXO3A after RE in the trained state ( Figure 3B ). Consistent with these findings, the old women trended (Table 1 ; p = .06) toward a higher preexercise nuclear-to-cytosolic total FOXO3A protein expression ratio than the young women after PRT. Table 1 shows the basal (resting) levels of total FOXO3A (cytosolic and nuclear), which indicate age-related trends prior to PRT and age-related differences (p < .05) in total nuclear FOXO3A post-PRT.
Finally, basal-level gene expression of FOXO3A, targets of FOXO3A, and proteolysis was also examined in young and old women before and after the 12-week PRT. The young women displayed downregulation of MuRF-1 (−29%, p < .05) and myostatin (−52%, p < .05) following the PRT (Figure 4 ). There was a trend (p = .08) for FOXO3A mRNA to decrease after PRT in the young women, consistent with the aforementioned gene changes. Conversely, the old women displayed no change in MuRF-1 or FOXO3A gene expression as a result of training. However, the old women did display elevated mRNA expression of the growth inhibitor, myostatin (+34%, p < .05), after the PRT. Neither the young nor the old women displayed a training-related change in atrogin-1. Consistent with our previously published data on basal-level gene expression (prior to PRT) in these women (41, 50) , at Baseline 2 (after 12-week PRT), the old women expressed higher (p < .05) mRNA levels of FOXO3A, MuRF-1, and myostatin, along with a tendency (p = .14) for atrogin-1, compared with the young women.
Discussion
We recently reported that the octogenarian women in the current study had limited plasticity at the whole-muscle and single-muscle fiber level compared with young women after 12 weeks of high-intensity PRT (13) . This investigation sought to determine possible mechanisms that underlie these age-related skeletal muscle maladaptations to high-intensity RE training in the ninth decade of life (12, 13) . given the propensity of aged skeletal muscle to be less sensitive to growth stimuli and more susceptible to proteolysis than younger counterparts (36, 41, 50, 53, 54) , the Akt-FOXO3A pathway was examined. The main finding from this investigation was that FOXO3A signaling was differentially Figure 2 . A bout of resistance exercise (RE), before and after 12 weeks of progressive resistance training (PRT), increases Akt Threonine 308 phosphorylation from skeletal muscle of young and old women. Prior to (untrained) and following (trained) PRT, muscle biopsies were obtained from the vastus lateralis before (Pre) and immediately after (Post) a bout of RE under fasting conditions. Equal protein from cytosolic samples was analyzed for phospho Akt Thr308 (A), phospho-Akt Ser473 (B), and total Akt by Western blot analysis. Values are means ± SE. Representative Western blots are shown. *p < .05 from Pre. AU = arbitrary units.
affected at rest and with RE compared with young women. Most notable was the finding that octogenarian women had high levels of nuclear FOXO3A and a limited ability to activate nuclear FOXO3A immediately following a RE bout after 12 weeks of high-intensity resistance training. This novel finding was independent of Akt signaling, which was similar between the young and the old women. These protein signaling data were supported by altered gene expression profiles, mainly proteolytic-related genes, at rest and in response to resistance training.
Cytoplasmic Akt
in the current investigation, we show an age-independent upregulation of Akt signaling immediately after a RE bout in an untrained state and a trained state. The activation of Ser308 on Akt we observed is likely due to contractionmediated events because the women arrived at the laboratory the morning of the testing/biopsy following a 12-hour fast and performed three sets of 10 repetitions at 70%-75% of 1-RM on a knee extensor device. These data would suggest that young and old women were able to activate Akt to the same relative level, given a similar relative knee extensor exercise stimulus. Our previous data in young men (40) show that the same relative bout of RE to that performed in the current study causes minimal glycogen loss and disturbances to plasma insulin, glucose, and free fatty acid. This may be why previous exercise-mediated Akt activation results have been equivocal, owing differences to nutrient intake (ie, fasted or fed), exercise mode (ie, RE, treadmill, or cycle), exercise intensity (eg, 4-10 sets, 10 repetitions at 70%-80% of 1-RM, ~40 to 100 contractions), Akt activation site measured, or a combination of these factors (34, 36, 39, 40) .
Adaptation of skeletal muscle to a PRT stimulus relies upon collective input from mechanical/contractile, hormonal, and nutrient cues. Akt (also called protein kinase B) Figure 3 . Age-and exercise-related alterations in cytosolic and nuclear FOXO3A before and after 12 weeks of progressive resistance training (PRT) from skeletal muscle of young and old women. Prior to (untrained) and following (trained) PRT, muscle biopsies were obtained from the vastus lateralis before (Pre) and immediately after (Post) a bout of resistance exercise under fasting conditions. Equal protein from cytosolic-and nuclear-enriched fractions was analyzed for (A) b-tubulin and Histone H3 protein expression, respectively, (B) cytosolic, and (C) nuclear phospho-FOXO3A Ser253 and total FOXO3A by Western blot analysis. Values are means ± SE. Representative Western blots are shown. *p < .05 from Pre, †p < .05 from young women Pre untrained, **p < .05 from Pre trained. AU = arbitrary units. has been well characterized as a prosurvival and progrowth protein for skeletal muscle (26) (27) (28) (29) (30) 55) . Current thought on Akt activation is that the phosphorylation of Akt on Ser473 is SiN1 dependent (in the SiN1-rictor-mTOR [TORC2] complex) and that PDK1 phosphorylation of Akt Thr308 in the T-loop is independent of prior Ser473 phosphorylation (56) (57) (58) . Thus, activation of both sites is not required for full Akt function. Rictor knockout mouse embryonic fibroblasts have impaired serum-stimulated FOXO3A phosphorylation, showing the need of TORC2 complex formation for Akt phosphorylation of its substrates (56).
Nuclear and Cytoplasmic FOXO3A
Activated Akt phosphorylates FOXO3A on Ser253 (RXRXXS/T motif) and typically promotes the translocation of FOXO outside the nucleus and into the cytoplasm through the binding of 14-3-3 chaperone-binding proteins with FOXO proteins (19, 23, 24) . Data from the current study showed that in the basal state, untrained 85-year-old women have lower cytosolic FOXO3A activation and higher levels of total nuclear FOXO3A and a trending higher nuclear:cytosolic FOXO3A protein ratio compared with young women after PRT. in response to RE, both young and old women showed a dephosphorylation of cytosolic FOXO3A in the untrained state and trained state (p = .09). The old women were unable to activate nuclear FOXO3A to the same relative level as the young women after RE. Collectively, these findings are noteworthy considering increased nuclear FOXO protein, or constitutively active FOXO has been shown to upregulate atrophy-related gene expression (22, 25) . Less is known about cytoplasmic FOXO function, but there may be phosphatases temporally acting upon Akt, 14-3-3, and/or FOXO3A (59) (60) (61) . The importance of cytosolic FOXO3A phosphorylation, as it relates to skeletal muscle growth, remains unclear and warrants further investigation. Our current data support the contention that 80+ year-old skeletal muscles are limited in their capacity to fully adapt to a high-intensity progressive resistance-training stimulus (12, 13) .
There are limited data from human studies examining skeletal muscle FOXO. Chronic obstructive pulmonary disease patients (62) display significant skeletal muscle atrophy, associated with Akt-independent elevation of FOXO1, atrogin-1, and MuRF-1 expression. Conversely, Leger and colleagues (38) showed age-related (20-vs 70-year-old men) reductions in nuclear protein expression of FOXO1 and FOXO3. in a separate study Leger et al. (37) , resistance trained adult (36 years) men for eight weeks and showed a reduction in nuclear FOXO1 protein expression, which was accompanied by a 10-fold increase in atrogin-1 mRNA and 10% increase in muscle mass. Collectively, the equivocal FOXO results point to possible differences in age, gender, training protocol, nutrient status, and/or FOXO protein isoform (1 vs 3).
Gene Expression
When skeletal muscle is undergoing atrophy, specific proteasomal-ubiquitin target genes, such as atrogin-1 and MuRF-1, are transcribed (20) (21) (22) 26, 27) . in agreement, we have previously reported that the sarcopenic octogenarian women in the current study had higher mRNA levels of both FOXO3A and MuRF-1 compared with the young women before the onset of the PRT program (41) . Others have reported similar increased proteolytic gene expression in aged rat muscle (63) , spinal cord injury patients (36, 64) , and aged human muscle (65, 66) . The current study provides further insight into muscle biology with old age and shows that skeletal muscle from 85-year-old women has altered FOX-O3A-related signaling, which may partially explain the agerelated differences previously observed in proteolytic gene expression (41, 63, 65, 66 ).
interestingly, basal-level gene expression of MuRF-1 and myostatin decreased, whereas FOXO3A tended to decrease as a result of 12-week PRT in the young women. Perhaps even more interesting was the lack of change in proteolytic gene expression in the old women, with the exception of an increase in the growth repressor, myostatin mRNA, levels after the PRT. Collectively, the inability to decrease proteolytic gene expression, combined with increased mRNA levels of the growth inhibitor, myostatin, may have contributed to the lack of single-muscle fiber and whole-muscle hypertrophy previously reported in these octogenarian women (13) . The older women had higher baseline levels of FOXO3A, MuRF-1, and myostatin, along with a trend for Atrogin-1 mRNA gene expression after PRT compared to the young trained women, which is in agreement with the age-related differences found for total nuclear FOXO3A levels after PRT. Collectively, these data warrant further investigation.
Limitations
The novel aspect of this investigation was the examination of Akt-FOXO3A signaling before and after a bout of RE in an untrained state and a trained state of independentliving octogenarian women. However, this novelty was also a limiting factor with respect to the population pool of relatively healthy, independent-living 85-year-old women. Therefore, acquiring skeletal muscle samples from octogenarian women for the current investigation is extremely limited and valuable. We also acknowledge the limitations with a single postexercise muscle biopsy that may not have captured additional aspects related to protein signaling. We based our postexercise muscle biopsy time point on our previous studies (40, 42, 50, 51, 67) , which have been shown to be appropriate for exercise-induced signaling. Figure 5 . Altered FOXO3A signaling as a potential mechanism contributing to limited skeletal muscle growth and plasticity in octogenarians. The current data show that 85-year-old skeletal muscle has elevated nuclear FOXO3A protein expression versus the young participants, which promotes proteolytic gene expression (eg, FOXO3A, MuRF-1, and atrogin-1) (41) . increased proteolytic activity may contribute to an inhibition of myogenesis and muscle size, which limits muscle plasticity and muscle function at the level of the whole-muscle and single-muscle fiber (13) . Larger bold text within the cell cytosol and nuclear domains indicates more of an increase in protein expression and/or activation or a cellular process. Smaller unbold text (except domain designates) within the cell cytosol and nuclear domains indicates more of a decrease in protein expression and/or activation or a cellular process. RE = resistance exercise.
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Summary
We show, for the first time, that the skeletal muscle of 85-year-old women has age-related alterations in FOXO3A signaling and FOXO3A-associated target gene expression when compared with young women. The age-dependent FOXO3A signaling did not appear to be related to Akt signaling and suggests that alternative pathway interactions led to the novel FOXO3A responses in the very old. These data provide initial insight that the limited hypertrophic response of skeletal muscle from octogenarians to PRT may be a result of lower FOXO3A phosphorylation and thus exaggerated nuclear FOXO3A levels (see Figure 5) . Future experiments further investigating the unique FOXO3A signaling in aging muscle along with novel therapies to promote muscle health are warranted.
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